INTRODUCTION
ALTHOUGH mutation is considered to be the origin of heritable variation, the raw material of evolution appears to lie more in new and integrated gene combinations (Fisher, '930 ; Goldschmidt, 1940 Mather, 1943 Darlington, 1956a) . Emphasis is therefore placed on the mechanisms which control the production of recombinant genotypes; mechanisms which form part of the genetic system (Darlington, 1939 (Darlington, , 1958 which Carson (1956) has called the recombination system.
Many of the components of the recombination system are under genetic control, and thus, it was pointed out (Darlington, 1932 (Darlington, , 1939 (Darlington, , 1958 Mather, 1943) , they are susceptible to the action of natural selection. Such selection, it was envisaged, acts indirectly by means of the influence of these characters on the amount of phenotypic variation in the progeny over many generations. In this process the components are mutually adjusted and integrated into a system capable of controlling with great precision the variation exposed to the action of selection.
Experimental evidence supporting this theory is not abundant, and is of two kinds. First, the indirect evidence that components of the system are under genetic control (Chromosome mechanism, Rees, 1961 ; Breeding system, Lewis, 1954 , Breese, 1960 . Second, direct evidence from the study of wild populations. Evidence of this latter kind is almost exclusively concerned with the occurrence and frequency of chromosome structural rearrangements. In the following account genetic variation between wild populations with regard to the chiasma frequency of male plants is studied in the two closely related species Melandrium album and M. rubrum.
MATERIAL AND METHOD
The material formed part of a larger experiment to be fully described in the following paper. A random sample of three female and three male plants were taken from each of four wild populations of Melandrium, two of M. album and two of M. rubrum. Plants from the same population were crossed in all possible ways, while those from different populations were crossed in random but independent pairs. The (4 X 9) + (6x 6) = 72 families which resulted from the crossing were planted in 144 plots, each containing ten plants, arranged randomly in one block.
For convenience, although with rather loose usage, the four groups of intra-population crosses will be referred to as "parents" and the six groups of inter-population crosses as '' F1s ".
For cytological examination buds were taken where possible from four randomly chosen male plants in each plot. The buds were fixed and mordanted in aceticalcohol (i : 3) containing a few drops of ferric chloride solution. Plots of plants were fixed in a random order to avoid bias due to changes in the weather during the period of fixation. After a few weeks in fixative the buds were transferred to 70 per cent, alcohol and stored in a refrigerator. Aceto-carmine squashes were made from the anthers of one bud per plant, and chiasma frequency scored in twenty cells at first metaphase.
Two metrics were determined from the slides (Rees and Thompson, 1956) (i) The average chiasma frequency per plant, expressed as chiasmata per cell.
(ii) The variation in chiasma frequency between cells within plants (the cell variance.
Means and variances were used to summarise the data, rather than giving frequencies of cells with particular numbers of chiasmata, for the sake of convenience.
However, with very few exceptions bivalents had either one or two chiasmata, and since the sex bivalent never had more than one, the number of chiasmata per cell ranged in general between i2 and 23. Univalents were rare, less than o'o3 pairs per cell, and in no case were bivalents found with more than two chiasmata. In all 373 plants were examined,
RESULTS
The average chiasma frequency and cell variance of each group of inter-and intra-population crosses is given in table r and shown (Rees and Thompson, 1956) , these characters are continuously distributed variables.
The results of analyses of variance within and between groups of families are shown in tables 2 and 3. It is clear from these results parents and among F1's are found for each character, (item i (i) and (ii)) but neither shows any consistent heterosis (item i (iii)). There jS no evidence for differences between reciprocal F1's, and hence it is CHROMOSOMES OF WILD MELA.,VDRJUM 137 that the genetic variation between groups is considerably-and significantly-greater than that within them with regard to both characters (item i, tables 2 and 3). Significant smaller within group variances than their parents, but in only one case (7 >< 5) is the difference significant. These disparities confirm that samples have characteristic and different arrays of genotypes. Further it is likely that they reflect the particular properties of the gene systems concerned. This will be discussed in more detail later.
As the data form a diallel table, the method of Jinks (ij, in its generalised form (Dickinson and Jinks, 1956 ), for such sets of data may be used to investigate the nature of the genetic variation.
In this method the covariance of progeny means onto the nonrecurrent parent (Wr) is graphically compared with the variance of progeny means (Vr). Wr may also be compared with the covariance of progeny means onto the non-recurrent array mean (W'r) (Hayman, 1958) . It was, of course, impossible to self the plants in the samples, and thus no estimate of P2 (Dickinson and Jinks, icc cit.) could be made. However the parents correspond to the P, of these authors (Jinks, unpublished) . Wr/Vr and W'r/Wr graphs of the data are given in fig. 3 . With regard to the average chiasma frequency neither the Wr/Vr nor W'r/Wr regression is significant, indicating the low heritability of this character. In view of the results of the analysis of variance (table 2) it is unlikely that the low heritability arises from a large environmental component in the variation ; it is more probable that it can be ascribed to a complex genetical control of the character, perhaps involving non-allelic interaction. It is not possible, however, to test directly for the presence of non-allelic interaction in these data.
The Wr/Vr and W'r/Wr graphs of the cell variance data present an entirely different picture from those of the average chiasma frequency. • W8 00 and Jinks, bc cit.). Evidence is given in the following paper which suggests that the first alternative is unlikely, and it is more probably that the genes controlling the cell variance show incomplete dominance.
It would appear from the Wr/Vr and W'r/Wr graphs that the genetic control of the average chiasma frequency is different from that of the cell variance. In rye, Rees and Thompson (1956, 1958) have shown that although there is a tendency for the characters to be negatively correlated, they are to a considerable extent independent of one another. It can be seen from table 5, which shows the results of an analysis of covariance, that while there is a significant regression of the cell variance on the average chiasma frequency within families, and between family means within groups (items i (i) and 2 (i)), the regression between group means is insignificant (item 3 (i)). The residual variation to this last item is however significant (item 3 (ii)).
This is not due to curvilinearity. Further the relation between the characters varies from family to family (item i (ii)). Thus while
there is, as in rye, a tendency for the two characters to be correlated within samples, they are nevertheless unrelated between them.
Contrary to the results of Rees and Thompson (bc. cit.), however, the correlation is positive.
DISCUSSION
It has been shown that with regard to the average chiasma frequency and the average cell variance, the genetic variation between plants from different population samples is three and two times respectively greater than that between individuals from the same sample. In so far as these random samples adequately represent the populations from which they were drawn, it can be concluded that in a similar manner there is much greater genetic variation between than within the populations with respect to these two aspects of the recombination system.
Such differences between the populations appear to depend on the action of a number of genes. No evidence was found which suggested that structural rearrangements in the chromosomes were of any importance in determining the number or distribution of chiasmata, and indeed the occurrence of heterosis in some of the hybrids, both between and within species, would militate against such a view.
The genetic differences between the populations have, no doubt, been brought about by the action of natural selection, and in so far as the number and distribution of chiasmata influence the amount and pattern of recombination they represent the adaption of the populations to their differing environmental and genetic backgrounds. Selection cannot discriminate between individuals showing differences in these characters, for except in the limiting case where the number and distribution of chiasmata is such as to produce appreciable failure of chromosome pairing at metaphase, the variation does not affect the external phenotype. Selection can only act on the progeny of the individuals over many generations. It is of the type that has been called metaselection by Waddington (igv). The effectiveness of metaselection is well illustrated by the data.
Population differences of these kinds may be compared with those involving varying frequencies of chromosome structural rearrangements found in Drosophila (Dobzhansky and Epling, x4; Dobzhansky, 1939 Dobzhansky, , 1948 Spiess, 195o; Stalker and Carson, 1948; Carson, 1955) , in Grasshoppers (White, 1956, i7) , in P&onia (Walters, 1942), in Clarkia (Hakansson, 1942 ; Hiorth, 1942 ; Mooring, 1958) and in Periplaneta (John and Lewis, 1958) . As observed previously, no evidence of segmental hybridity of these types was found in Melandrium and the two species therefore appear to have "open" recombination systems in the terminology of Carson (ig) .
Natural selection cannot, within certain limits, be expected to discriminate between different methods of controlling the amount of recombination within populations. At least from the short term view it is immaterial whether the amount of recombination is regulated by the polygenic control of the i'mmber and position of chiasmata or by a system of chromosome structural rearrangements. From the long term point of view, however, these two methods may have different consequences and it is probable that polygenic control of the number of chiasmata is in general the more flexible method (cf. "The ideal mode of reproduction," Darlington, i956b).
The evolutionary importance of the chiasma frequency and cell variance can, of course, only be assessed in relation to all the other aspects of the recombination system. Despite the differences between the populations, in all cases the chiasma frequency is close to the minimum of one per bivalent required for full fertility. Further the number of chromosomes in Melandrium is quite low and the chiasmata are highly localised (see plate). Finally the plants appear to inbreed to a certain, possibly considerable, extent (Lawrence, unpub.) . Taking all these factors into account it is clear that the recombination system in Melandrium is organised to permit relatively little recombination. Such a situation presumably indicates that the populations inhabit relatively stable environments. Despite the emphasis on reduced recombination, the two species have not at the present entirely dispensed with sexual reproduction. No doubt only that type of recombination system which potentially is capable of being adjusted to give increased recombination has survived (Darlington, 1939) .
The nature of the polygenic differences between the populations with regard to the two characters was investigated by means of the method of Jinks (i) In its generalised form (Dickinson and Jinks, 1956 ). The average chiasma frequency was found to be a character of low heritability, perhaps due to the presence of non-allelic interaction and also possibly heterozygosity. Heterozygosity alone is inadequate to explain the low heritability since the regression of W'r on Wr was not significant and in general this regression, unlike that of Wr on Vr, is insensitive to the disturbing influence of heterozygosity. Further support for the suggestion that the control of chiasma frequency in these samples is complex is derived from the changing relations of the variances between families within F1 groups to those within parental groups. In some cases the F1 variance was greater than that of either parent, in others it equalled them, while in one case both parental variances exceeded the F, variance. It is possible that the relative sizes of the variances within the groups of F1's and parents are merely a result of differences in the developmental stability (Mather, 1953) of these genotypes. It is, however, more likely that they arise from the particular action and distribution of genes controlling chiasma frequency. A greater variation between interpopulation, than intra-population, families has been predicted by Mather (i4) . Following the argument of Fisher (1930) it was pointed out (.vlather, 1943 Breese and Mather, 1960 ) that if a character was subject to stabilising selection, as presumably is the case with chiasma frequency, dominance in the gene system would tend to be ambidirectional. In each population, therefore, much of the dominance variation would remain hidden. However, as it is likely that there is dispersion of dominant genes between various populations, the hidden dominance variation will be revealed by
crossing. This appears to have occurred in crosses 7 >< 8, 7 X 4, 8 x , and 4>< 5. It is, however, difficult to accommodate the result from cross 7 X 5 Ifl this scheme, for variation is concealed rather than exhibited in this inter-population hybrid. Viewing the data as a whole, some form of non-allelic interaction appears also to be indicated by these differing relations of the variances. Results from sets of diallel crosses (Jinks, 1952) show that variation may be concealed by the presence of epistasis.
Although the presence of genic interaction cannot be proved in the present data, it is not unreasonable to invoke its action to explain the results. The Wr/Vr and W'r/Wr regressions require a similar explanation, and further, interaction is a characteristic of the control of chiasma frequency in rye (Rees and Thompson, 1956) . Moreover the selective value of chiasma frequency shows a sharp discontinuity at one chiasmata per bivalent. The genetic architecture of the character (Mather, 1960) would therefore be expected to allow variation above, but not below, this value in normal population plant, a situation favouring interaction. It is significant that the cross 7 X 5 has the lowest mean chiasma frequency of all hybrids.
In marked contrast to chiasma frequency, the cell variance shows high heritability and incomplete dominance. The contrast suggests that the two characters are, at least in part, genetically independent of one another. This conclusion was confirmed by covariance analysis.
Between parent and F1 groups the cell variance and the chiasma frequency were found to be independent. Within groups, however, small positive correlations were found. These appear to arise from a lower limit to variation at twelve chiasmata per cell. Univalent pairs were rare in the material, less than oO3 per cell on the average, and all genotypes were uniform in this respect. Fifteen per cent. of the univalent pairs involved the sex chromosomes, a significant deviation from the expected 8 per cent. (P = o01-o.ool) which is probably due to the shortness of the pairing segment. Plants with low chiasma frequencies are likely, in the presence of a lower limit, to have a smaller cell variance than those with a higher chiasma frequency.
The independent adjustment among the various populations of these two components of the recombination system was no doubt brought about by natural selection. Such adjustment illustrates the complexity and precision of the mechanism which controls the quality and quantity of heritable variation exposed to the action of natural selection.
From the genetic point of view the cell variance is a component of the recombination system; from the phenotypic point of view however it is a measure of developmental stability (Mather, 1953) . It is clear from the results that neither stability nor lability has of itself selective value, but that the amount of variation is an adaption to a particular environment (Mather, 1953 ; Thoday, 1953) .
SUMMARY
Genetic differences with respect to (i) the average chiasma frequency per male plant, and (ii) the variation between pollen mother cells in chiasma frequency have been found between samples of plants from two populations of Melandrium album and two of M.
rubrum. In so far as the random samples adequately represent the populations from which they were drawn, it is concluded that the differences between the populations have been brought about by natural selection. The average chiasma frequency and the cell variance were independently adjusted by selection in the different populations. The genetic differences between the populations depend on the action of many genes. No evidence that structural differences between chromosomes from the various populations were of importance in determining the number of chiasmata could be found. The recombination system in Melandrium appears to be regulated in such a manner as to permit relatively little recombination. 
